This article shows that the wireless local loop (WLL) may not necessarily provide more capacity than mobile cellular systems if an FDMA or TDMA system is used. CDMA has proven to have higher capacity than the other multiple access schemes due to the nature of CDMA systems.
n the '70s fixed-to-fixed microwave links were developed and deployed. Wireless local loop (WLL) systems could also have been implemented in the '70s in U.S. rural areas, but were not. The cost justifications at that time for WLL were:
For the Near Term -Using the radio link for WLL was the solution because the cost of laying a long wire cable to connect to a remote point was very high.
For the Long Term -Using the wire link was the solution. Although the cost of laying a long wire cable was high in the beginning, adding more users along the wire link later on would drive the cost per user down as the years went by. Nevertheless, when the network layout reached its limit, WLL was the solution.
For an Urban Situation -In New York City, laying additional wire cables was very costly. Therefore, WLL was the solution.
In the meantime, in the '70s Advanced Mobile Phone System (AMPS) was developed and could have been applied in wireless local loop systems to gain two advantages: • It could have been easier to acquire the spectrum from the FCC for WLL in the '70s.
• WLL services could have been deployed first; then we could have gone into cellular markets using bundled services, that is, providing wireless local loop and cellular together using the same spectrum and operating the same wireless communication network. By taking this approach, both wireless local loop and cellular operations would have taken place in the '70s. Since telephone companies did not take advantage of this opportunity in the '70s, wireless operators were busy developing cellular systems in the '80s. Now, in the '90s, we are starting to look at the domestic and international markets for WLL.
The Advantage of WLL
Since a WLL system is a fixed-to-fixed link system without the wireline connected, as shown in Fig. 1 , the advantages are:
• WLL can eliminate many problems and be cost inherent in many areas and many countries.
• WLL can shorten the time to deploy a telephone network.
• WLL can easily be moved around to accommodate new changes.
• WLL is a quick start for startup telephone systems.
The attributes of a WLL system ( Fig. 1 ) are as follows: • Coverage increase: the path loss is based on free space loss.
• Capacity increases: the required WLL carrierl-to-interference ratio, (C/I) WLL , is much lower than the required (C/I) cellular .
• High-gain directional antennas can be used. Thus, the interference decreases and the frequency reuse distance is reduced (i.e., capacity increases).
Concepts of Deploying Wireless Systems

The General Key Drivers of Deploying a Wireless System
The general key drivers of deploying a WLL system are capacity, coverage, and quality. However, the three key drivers are related among themselves. With an allocated spectral band as a given, then: capacity ∝ (quality) -1 coverage ∝ (quality) -1 and they are all a function of C/I.
How to Measure Spectrum Efficiency
To evaluate the spectrum efficiency in frequency reuse systems such as cellular, personal communication services (PCS), and WLL, we may use the radio capacity formula to express radio capacity m as follows:
where M is the total number of channels in 1 MHz and K is the frequency reuse factor. K can be expressed as follows:
where D is the distance between two co-channel cells, and R is the radius of the cell. In frequency-division multiple access (FDMA) or time-
division multiple access (TDMA), the value of M is given, but the value of K is a function of C/I. In code division multiple access systems (CDMA), D always equals 2R; thus, K is a constant, K = 1.33 from Eq. 2, but M is a function of C/I. Both K in FDMA (or TDMA) and M in CDMA expressed as a function of C/I will be shown in this article.
The Three Key Drivers Related to C/I
The three key drivers (capacity, coverage, and quality) can be expressed as a function of C/I. Quality, Q, is proportional to C/I: Radio capacity, m, is inversed proportional to C/I:
Coverage, R, is inversed proportional to C/I:
Consideration of Deploying a WLL System
Impact of the Required C/I
The required C/I in each system is determined from the accepted voice quality or corresponds to the specific frame error rate. The required C/I of a WLL system under a nonfading fixed-tofixed condition is always less than the required C/I of a cellular system under a mobile radio multipath fading condition.
(5) It shows that the WLL system can tolerate more Gaussianlike interference than the Rayleigh-like interference of the cellular system. Therefore, the frequency reuse distance for WLL is supposedly shorter than for cellular if the propagation path losses for both systems are the same.
Impact of the Propagation Path Loss
Coverage Increases in WLL -The coverage of a WLL is based on a fixed-to-fixed propagation. The path loss of the fixed-to-fixed propagation in a WLL is based on 20 dB/decade. However, the path loss of mobile radio propagation (fixed-to-mobile) is based on 40 dB/decade, which shows high excessive loss. Therefore, the same wireless communication system can cover more area for WLL services than for mobile radio services.
Capacity Decreases in WLL -(if FDMA or TDMA is used). Based on the path loss of 20 dB/decade for WLL and 40 dB/decade for cellular, the formula of C/I and K of both systems can be obtained as follows:
WLL Systems -
• Under a condition of six interferers (Fig. 2) (6) Substituting Eq. 6 into Eq. 2 yields (7)
• Under a condition of one interferer (Fig. 3 ) 
. Six interferers (co-channel cells) model for frequency reuse (wireless systems)
. Figure 3 . Single interference from co-channel sites in WLL using directional antennas at both ends. 
Substituting Eq. 9 into Eq. 2 yields where a is always greater than that shown in Eq. 5.
Assume that the required (C/I) W of WLL is 6 dB or more; then several observations can be stated from Fig. 4 as follows:
• The region in which WLL capacity is greater than cellular capacity is below the line of
• A WLL system under the condition of six interferers cannot have a capacity greater than that of cellular.
• The WLL system under the condition of one interferer can most likely have a capacity greater than that of cellular.
• When the value a becomes greater, the ratio of K W /K C increases.
Capacity Is Independent of the Propagation Path Loss if CDMA Is Used
In a CDMA system, every cell operates the same radio channels; therefore, D = 2R has been stated previously and K is a constant, K = 1.33. However, M is known and is a function of C/I. The following deviation shows that the propagation path loss does not impact capacity use. The scenario in Fig. 5 , with the mobile unit at position A, would be the worst case. The home cell site and two close-in interference sites I 1 and I 2 are at the same distance R from the mobile unit. The C/I at position A can be expressed as (16) where I is the total interference, I s the self-interference, and I a the adjacent interference. E b is the energy per bit and I 0 the interference power per hertz. B is the allocated spectrum band, R the transmit rate per second. In Eq. 16, E b /I 0 and B/R are given.
In WLL systems, the 20 dB/dec loss is used, that is, R -2 with a transmit power at the base (Fig. 5) . We assume that the dominant adjacent interferers are from I 1 and I 2 .
(17)
where
Then from Eq. 17, the total number of traffic channels is 
Region where WLL capacity is greater than cellular a = 1 5 .8
In cellular systems, the 40 dB/dec loss is used, that is, R -4 with a transmit power P t the cell site (Fig. 5 ).
Then from Eq. 19, the total number of traffic channels is (20)
Capacity Comparison -Comparing Eq. 18 with Eq. 20, the two formulas, one based on a path loss of 20dB/dec, one on a path loss of 40dB/dec, are identical. It shows that in CDMA systems different propagation path losses do not affect the radio capacity formula. Since (C/I) c > (C/I) W is always true in Eq. 5, then
Therefore, Eq. 21 is always true in CDMA systems.
Calculation of the Capacity of WLL Systems
We may compare the capacity of CDMA with that of FDMA or TDMA. The C/I can be obtained from Eq. 16. Let us make some assumptions.
In CDMA systems (consider an s-sector cell with voice activity cycle) B c = 1.23 MHz R = 9.6 kb/s s = number of sectors = 3 η = voice activity cycle = 0.4 Fig. 6 . Assume that the required E b /I 0 of CDMA is equal to the required (C/I) w of FDMA or TDMA; then we may conclude that the capacity of CDMA is always larger than that of FDMA or TDMA. Also, the capacity of FDMA or TDMA with one interferer is always greater than that with six interferers.
Comparing the Capacity of WLL with the Capacity of Cellular Using CDMA -We have shown that the capacity formulas for both systems are identical by comparing Eq. 18 with Eq. 20. Therefore, Eq. 23 can be used for both systems with a set of given assumptions. 
Advantage of Implementation
Due to the nature of the wireless communication medium and of WLL systems, there are advantages in implementing a WLL system: • The coverage of WLL is larger due to its low propagation path loss (i.e., 20 dB/dec).
• The capacity of WLL can be larger than the capacity of cellular if the number of interferers in WLL can be reduced by multibeam directional antennas. • Interference decrease: In a WLL, the frequency reuse distance can be further reduced because the WLL fixed-tofixed link uses directional antennas on both ends so that the interference area becomes small. Reducing the frequency reuse distance more means that the capacity is further increased.
• In a WLL, no handoffs occur because it is a fixed-to-fixed link. Furthermore, the air link from each building to the cell site can customarily be installed to reduce the interference. This link remains unchanged after installation, and the design of a WLL system is much simpler.
• Since the WLL signal channel is a Gaussian noise channel or strong Rician channel (not a Rayleigh fading channel), no interleaving of the data stream is needed. Thus, data compression schemes and quadrature amplitude modulation (QAM) can be applied efficiently to generate a high rate throughout, although the radio transmission rate is as low as 14.4 kb/s.
Deployment of a WLL System for Industrialized Countries
The WLL system will be developed differently and will serve in different markets, as described in this section.
The Requirements
The requirement of a WLL system for those subscribers in industrialized countries is good voice quality. This requirement is needed to compete with the service from wireline telephones. The requirements of WLL systems for the system operators in industrial countries are high capacity and large coverage. How can we meet these two requirements and still lower the cost of deploying a WLL system and utilize the spectrum efficiently? This is a big challenge.
Since the three key drivers -voice quality, coverage, and capacity -are always competing among themselves, we may have to determine an acceptable voice quality level first, and choose a wireless communication system that can provide high capacity and large coverage. The bottom line is to calculate the deployment cost per line and justify the potential of the business in that area.
Why CDMA for Wireless Local Loop?
The CDMA system can be used for high capacity because the frequency reuse factor K approaches one. All of the cell sites use the same radio channel. In deployment of WLL-CDMA, power control or adjustment is used to reduce near-far interference. This power control will be set at the beginning of the service, according to all the fixed-to-fixed links, and leave them untouched until the environment changes. No frequency planning is needed. The CDMA system uses up its processing gain for increasing capacity. Of course, due to the nature of a WLL environment, a high gain directional antenna can be used to further reduce the adjacent interference. One 1.25 MHz radio channel can provide 40 traffic channels for mobile radio, but 77 traffic channels for WLL under the same conditions.
How to Build a WLL System in Industrialized Countries
CDMA can be used as a bundled service system. CDMA has been chosen to be a standard system for cellular, PCS, and mobile satellite (Globalstar) already. Therefore, it is a natural trend to have WLL using CDMA because CDMA would then become a bundled service system; providing cellular and PCS services in urban and densely populated areas, and providing WLL and mobile satellite services in rural areas. They can all use CDMA. They share the same integrated network so that the investment cost will be much lower. These bundled services can also even out traffic density across the whole network; with cellular and PCS operating in urban areas, and WLL and mobile satellite services operating heavily outside urban areas. The same CDMA phone can be used for all the bundled services.
Deployment of WLL Systems in Developed Countries
The Requirements
The radio capacity of WLL systems is a key issue. Voice quality is not an issue in WLL systems in developed countries, in that a customer who might not have a phone in this case already has one, which adds great value. Because of this, a high level of spectrum efficiency can be reached as long as voice quality can be sacrificed. This means that physical system capacity is not a problem. System capacity versus voice quality is illustrated in Fig. 6 . In CDMA, when the system's required E b /I o (energy per bit/interference per hertz) is reduced (i.e., the voice quality decreases), the radio capacity in terms of the number of traffic channels per cell increases; the calculation is based on a CDMA radio channel of 1.23 MHz.
Cost Considerations
Cost is a major issue in WLL systems in developed countries. Most people have to justify a telephone by the cost they can afford. Therefore, the business plan has to drive the cost down.
We have coined a new term, customer payment-to-investment ratio (C/I) in WLL, distinguished from the regular acronym for the carrier-to-interference ratio (C/I), which is a system design parameter. C/I is a business planning parameter, where: C: customer payment in dollars in X months I: investment (including capital, operation, and maintenance) in dollars per line over X months In a WLL system in a developed country, C is very low. Therefore, you need to have an I value that is much lower than C in order to make a profit. This is a big challenge.
How to Build a WLL System In Developed Countries
On the Equipment Side -The cost of each piece of customer premises equipment (CPE) needs to be lower. This means that a WLL has to:
• Use an existing cellular system -The same phone can be used in both WLL and cellular. This will lower the cost by sharing the same wireless communication network.
• Develop a low-cost WLL system with low-cost CPE and with the capability to upgrade the system in the future -In developed countries, the markets for WLL are huge; therefore, it may be justified to choose a low-cost system solely for WLL. In a WLL system, the standard is not an issue. The WLL links are fixed, not moving; therefore, the CPE does not require any standard.
In the Technology Area -In order to lower the cost of equipment per line, we may have to have more users share one line. The following examples can reduce the cost:
• Use multiplexing on one radio. We can use frequency-division multiplexing (FDM) or time-division multiplexing (TDM) on one radio to increase talk channels, but of course the voice quality may be reduced.
• Use the party line feature for those subscribers who are willing share one subscribed line.
Conclusion
The WLL always provides large coverage but not necessarily more capacity than mobile cellular systems if FDMA or TDMA is used. The WLL always provides more capacity than the cellular system if CDMA is used. In WLL systems, the capacity of CDMA is always greater than that of FDMA or TDMA. Using CDMA schemes, the capacity of WLL is roughly double that of cellular. The requirements of WLL systems for industrial countries are the quality and service features. It is wise to choose a bundled services system to share the same wireless communication network in order to lower operational cost and offer the subscriber, in the meantime, only a single handset to please the customers. The WLL system of the future, in developed countries, is a low-cost system, even if voice quality has to be sacrificed. Of course, to adapt an existing cellular system, which can have both services, mobile cellular and WLL, share the same spectrum is possible. Many suggestions to lower the cost by developing lowcost WLL systems have also been addressed. WLL is a future business for both industrialized and developed countries.
